Microhaplotypes are an emerging type of forensic genetic marker that are expected to support multiple forensic applications. Here, we developed a 124-plex panel for microhaplotype genotyping based on next-generation sequencing (NGS). The panel yielded intralocus and interlocus balanced sequencing data with a high percentage of effective reads. A full genotype was determined with as little as 0.1 ng of input DNA. Parallel mixture experiments and in-depth comparative analyses were performed with capillary-electrophoresis-based short tandem repeat (STR) and NGS-based microhaplotype genotyping, and demonstrated that microhaplotypes are far superior to STRs for mixture deconvolution. DNA from Han Chinese individuals (n = 256) was sequenced with the 124-plex panel. In total, 514 alleles were observed, and the forensic genetic parameters were calculated. A comparison of the forensic parameters for the 20 microhaplotypes with the top A e values in the 124-plex panel and 20 commonly used forensic STRs showed that these microhaplotypes were as effective as STRs in identifying individuals. A linkage disequilibrium analysis showed that 106 of the 124 microhaplotypes were independently hereditary, and the combined match probability for these 106 microhaplotypes was 5.23 × 10 −66 . We conclude that this 124-plex microhaplotype panel is a powerful tool for forensic applications.
The microhaplotype is a powerful new type of forensic genetic marker 1, 2 . It is the combination of two or more closely linked single-nucleotide polymorphisms (SNPs) within DNA segments of 200 base pairs (bp), and offers multiple forensic applications [3] [4] [5] [6] [7] . Short tandem repeat (STR) genotyping is currently the dominant technology in forensic DNA laboratories. Although it works well with single-sourced DNA samples, great challenges are encountered with DNA mixtures because stutters in the major donor DNA can be indistinguishable from alleles in the minor donor DNA 3, 8 . Stutters are unavoidable during the replication of repetitive DNA, and they severely interfere with mixture deconvolution. SNPs are not repetitive sequences, but are typically biallelic, which restricts their utility in the analysis of mixtures. Microhaplotypes have the advantages of both STRs and SNPs because they are multiallelic and do not produce stutters during amplification. Therefore, microhaplotypes are perfect genetic markers for mixture deconvolution.
Although capillary electrophoresis (CE)-based genetic analyzers are widely used in forensic DNA laboratories, these machines are unsuitable for microhaplotype genotyping 8 . Several methods have been used for microhaplotype detection. TaqMan assays have been used to type each SNP that constitutes a microhaplotype 8 , followed by a PHASE software analysis to determine the cis/trans relationships between individual SNP alleles. Single-strand conformational polymorphisms 9 and high-resolution melting curves 4 have also been used for microhaplotype genotyping. These methods are simple and inexpensive, but they can pose problems when multiplexing different loci or dealing with mixed samples. MinION, a nanopore sequencing machine, has also been used for microhaplotype sequencing 10 , but the accuracy of sequencing for forensic applications must be improved. Next-generation sequencing (NGS) is well accepted by the forensic community. Both the Illumina and Ion Torrent sequencers are high throughput, with appropriate read lengths for microhaplotypes 11, 12 , and NGS can directly determine the phase between SNP alleles. Based on these characteristics, NGS is considered the optimal strategy for microhaplotype genotyping, and the development of NGS has made microhaplotypes a powerful new type of genetic marker for forensic analyses 2 . Zhu et al. 13 , Qu et al. 14 , Turchi et al. 12 , and Kidd et al. 15 have studied microhaplotypes for forensic applications on the Miseq, HiSeq, Ion Personal Genome Machine (PGM), and Ion S5 ™ platforms, respectively. Attempts to develop NGS-based microhaplotype panels and microhaplotype population data have also been reported. In 2017, 89 microhaplotypes were sequenced with two primer pools in 73 Italian samples 12 , and this panel was later optimized to 87 loci by the same research group 16 . Another research team constructed a 74-plex microhaplotype assay and sequenced 278 samples from three different populations 15 . In the present study, we developed and evaluated a multiplex amplification system containing 124 microhaplotype loci. Parallel mixture experiments were performed with CE-based STR and NGS-based microhaplotype genotyping methods to compare their capacities for forensic mixture deconvolution. Microhaplotype allelic diversity and forensic estimations were determined for a Han Chinese population.
Results
The 124-plex microhaplotype panel. A total of 124 microhaplotype loci were multiplexed in a single primer pool. The number of SNPs contained at each locus ranged from 2 to 5, and 52 loci contained ≥ 3 SNPs ( Supplementary Table S1 ). The molecular extent of the loci ranged from 13 to 210 nt, with an average of 108 nt. The primer sequences, primer concentrations, and amplicon sizes of the 124-plex panel are summarized in Table 1 . The amplicons ranged from 63 to 298 bp, with an average size of 212 bp ( Supplementary Fig. S1 ).
To evaluate the performance of this assay, we sequenced 10 reference samples. The numbers of total reads and reads representing microhaplotype alleles were calculated and are shown in Fig. 1 were obtained for each sample. The reads representing alleles accounted for over 90% of the total reads, and even 99% for some samples, indicating that the quality of the sequencing data was good. The allele coverage ratio (ACR) was used to evaluate the heterozygosity balance. The ACRs were calculated for the 10 reference samples by dividing the lower coverage allele by the higher coverage allele at each locus. All average ACRs were above 0.7, indicating that the heterozygosity balance of the 124-plex assay was good ( Fig. 2) . To examine the interlocus balance of this 124-plex panel, we calculated the average percentage depth of coverage (DoC) for each locus (Fig. 3 ). Each locus accounted for 0.2%-2% of the effective reads, 0.8% on average.
To evaluate the sensitivity of the 124-plex assay, a dilution series of genomic DNA 9947 A (1.0, 0.5, 0.2, and 0.1 ng) was sequenced. All 124 microhaplotypes were successfully genotyped with a sequencing depth of ≥ 30 × when 1.0 ng, 0.5 ng, 0.2 ng, or 0.1 ng of input DNA was used ( Supplementary Table S2 and Supplementary Figs. S2-S5), demonstrating the highly sensitive performance of the 124-plex assay.
Mixture study. To compare the effectiveness of microhaplotypes and STRs in the analysis of forensic mixtures, we prepared artificially mixed DNA samples with commercial genomic DNAs 9947 A and 2800 M, and performed parallel CE-based STR profiling and NGS-based microhaplotype genotyping experiments ( Table 2 and Supplementary Figs. S5-S18). Representative data are summarized and compared in Fig. 4 .
Allele dropouts can severely interfere with a mixture analysis. Therefore, we examined the dropout alleles of the minor contributor (9947 A), and calculated the number of loci with fully called 9947 A alleles for each artificially mixed sample. In the STR profiles, no allele dropout was observed for the 1:1, 1:3, or 1:6 mixture ( Table 2 ). Two alleles (D22S1045-11 and D2S1338-19) of the minor contributor dropped out in the analysis of the 1:9 mixture ( Supplementary Fig. S12 ), and only 38% of the STR loci (8/21) reported full 9947 A alleles when the mixture ratio was 1:19 ( Table 2 , Supplementary Fig. S13 ). In contrast, 92% of the microhaplotypes (114/124) reported full 9947 A alleles for the 1:19 mixture ( Table 2 , Supplementary Fig. S18 ). No allele dropin was observed for the 1:3, 1:6, 1:9, or 1:19 mixture. Only two artefacts dropped in (mh02KK003-GTC and mh20kk059-AG) with low sequencing depths (40X and 30X, see Supplementary Fig. S19 ) when analyzing the 1:1 mixture. These data indicated that the NGS-based microhaplotypes were superior to the CE-based STRs in genotyping the alleles of the minor contributor.
We then investigated the effect of STR stutters on the analysis of these mixtures. When 9947 A and 2800 M were mixed at a 1:1 ratio, the alleles from both contributors were very similar in peak height or sequencing depth ( Fig. 4 , Supplementary Figs. S9 and S14). Neither STR nor microhaplotype was effective in mixture deconvolution. When the mixture ratio was 1:3, the peak heights of alleles from the minor contributor were significantly lower than those of the major contributor and significantly higher than the STR stutters ( Fig. 4 , Supplementary Figs. S10 and S15). Both STRs and microhaplotypes were effective in mixture deconvolution. However, at mixture ratios of 1:6, 1:9, and 1:19, the minor contributor STR alleles were indistinguishable from the stutters of the major contributor because their peak heights were similar ( Fig. 4 ). For example, in the 1:6 mixture, D16S539-12 (an allele of the minor contributor 9947 A) and CSF1PO-11 (a stutter of the major contributor 2800 M) were both at the n-1 stutter position, with similar intensities. Their peak heights were 5%−10% of those of their possible www.nature.com/scientificreports www.nature.com/scientificreports/ parent alleles, which is typical for STR stutters. Incorrect allele/stutter interpretation can readily occur in such situations. However, with microhaplotype genotyping, the alleles from the major and minor contributors were easily distinguishable in the various mixture ratios based on their sequencing depths ( Table 2 , Supplementary Figs. S15-S18). Taken together, only 38.10% and 4.76% of the STR loci were effective in analyzing the 1:9 and 1:19 mixtures, respectively, whereas 99.19% and 91.94% of the microhaplotypes were effective in analyzing the same mixtures, respectively ( Table 2 ). These data confirm that microhaplotypes are reliable genetic markers for the deconvolution of forensic mixtures.
Population data.
A total of 256 Han Chinese individuals residing in Gansu Province were genotyped, and 514 alleles were observed (Table 3) , with approximately four alleles per locus on average. Thirteen alleles were observed for locus mh01KK-117, which was the highest number in this dataset. Single alleles were observed for two loci, mh10KK-084 and mh17KK-076, indicating that there was no genetic diversity at these two loci in this Han Chinese population. Therefore, the forensic parameters were not calculated for these two loci. The forensic statistical parameters were calculated for the other 122 loci, and are summarized in Table 4 .
The PD values ranged from 0.0232 to 0.9623, with an average of 0.6799. The PD values for 90 loci were > 0.6, indicating that the individual identification capacity of the panel was high. The PEs for 66 loci were > 0.2, with 0.7855 (mh13KK-218) the highest PE value. Observed heterozygosity (H o ) was 0.0070-0.8952, and expected heterozygosity (H e ) was 0.0117-0.8656. The A e values for 28 loci were > 3 (Fig. 5 ), and for another 23 loci, A e was 2.5-3. Notably, the A e values for mh13KK-218 and mh05KK-170 were even higher than 7.
To compare the individual identification capacities of the microhaplotypes and STRs, we summarized the PD and A e values for the 20 microhaplotypes with the highest A e values in the 124-plex panel and 20 commonly used forensic STRs (data under review in another manuscript) in Supplementary Table S3 . The PD values for the microhaplotypes were 0.8691-0.9623 (0.9036 on average), which were very close to the PD range for STRs, 0.7794-0.9592 (0.9094 on average). The A e values for the microhaplotypes and STRs were also similar. These data suggest that these 20 microhaplotypes are almost as effective as the commonly used forensic STRs for the identification of individuals.
To examine whether the microhaplotypes located on the same chromosome were linked to each other, we calculated LD. The p-values for pairwise linkage analyses are presented in Supplementary Table S4 . Among the 124 microhaplotypes, 28 were linked in 10 pairs or groups ( Supplementary Table S5 ) after correction for multiple testing (p < 0.0000065565). The locus with the highest A e value within each linkage pair or group was used to calculate the combined forensic genetic parameters, whereas the other microhaplotypes within the linkage pairs or groups were not. Thus, based on 106 independent microhaplotypes, the combined match probability (CMP) and combined power of exclusion (CPE) were calculated to be 5.23 × 10 −66 and (1-4.28 × 10 −16 ), respectively. Table 2 . Summary of STR-based and microhaplotype-based analysis of artificially mixed biological samples.
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Discussion
Since www.nature.com/scientificreports www.nature.com/scientificreports/ polymorphic haplotypes, each containing more than 10 SNPs 10 . However, fewer surveys have been conducted with highly multiplexed systems. In this study, we developed a single-tube 124-plex assay for forensic microhaplotypes for use with next-generation sequencing.
The sequencing data from the 124-plex panel showed good intralocus and interlocus balance (Figs. 2 and 3) , with over 90% of the reads classified as effective (Fig. 1) . Mixture deconvolution is one of the major forensic applications for which microhaplotypes are advantageous, and it is noteworthy that the excellent intralocus balance characteristic of this panel provides a reliable foundation for mixture analyses.
Microhaplotypes are expected to provide a better solution than STRs to forensic mixture analyses because they circumvent the inference by stutters 3,18-20 . However, the extent to which microhaplotypes can improve mixture deconvolution has been unclear. Therefore, we undertook parallel mixture experiments and in-depth comparative analyses of CE-based STR and NGS-based microhaplotype genotyping. Our results show that only 38.10% and 4.76% of STR loci effectively analyzed 1:9 and 1:19 mixtures, respectively, whereas 99.19% and 91.94% of the microhaplotypes effectively analyzed the same mixtures, respectively ( Table 2) . The microhaplotypes were also superior to STRs in the analysis of forensic mixture because they avoided not only inference by stutters, but also the dropout of minor contributor alleles. It should be noted that these results were obtained by single experiments at each mixture ratio and needed further verification. Probabilistic genotyping software, including LRmix 21 , STRmix 22 , and EuroForMix 23 , have been developed. Using semicontinuous or fully continuous models, these programs provide optional solutions for mixed STR profile deconvolution. As noted by Bennett et al. 24 , similar probabilistic calculations could also be helpful in mixed microhaplotype data analyses.
To evaluate their capacities to identify individuals and family/clan relationships in a Han Chinese population, we sequenced the DNA of 256 unrelated individuals. A statistical analysis showed that the majority of microhaplotypes sequenced were highly polymorphic and informative in the Gansu Han population. The CMPs for most commercial forensic STR kits range from 10 −17 to 10 −26 [25] [26] [27] . In this study, the CMP for 106 microhaplotypes was 5.23 × 10 −66 , which is tens of orders of magnitude lower than those of STR multiplex systems. These data demonstrate that microhaplotypes are powerful genetic markers for the precise identification of individuals.
Some less polymorphic microhaplotypes in the Han Chinese population were kept in the 124-plex panel, including 2 markers which showed no genetic diversity. The ancestry inference capacity of these microhaplotypes has been extensively discussed by Kidd et al. 8, 15, 28, 29 . Potential application of the 124-plex panel in ancestry inference awaits further studies.
Conclusions.
We have developed an NGS-based 124-plex panel of microhaplotypes. Mixture experiments showed that the microhaplotypes are superior to STRs in forensic mixture analysis because they avoid not only interference by stutters, but also the dropout of minor contributor alleles. The DNA of 256 Chinese Han individuals was sequenced with the 124-plex panel. The estimated forensic parameters showed that the 20 microhaplotype loci with the highest A e values in the 124-plex panel were as efficient as STRs in the identification of individuals, and that CMP for 106 microhaplotypes was 5.23 × 10 −66 . These data demonstrate that the 124-plex microhaplotype panel provides an additional tool for forensic applications. The female genomic DNA standard 9947 A (Promega, Madison, WI, USA) was used in the sensitivity assays. Massive parallel sequencing was performed on a dilution series of genomic samples (1.0, 0.5, 0.2, or 0.1 ng). For the mixture experiments, standard genomic DNAs 9947 A and 2800 M (Promega) were mixed in ratios of 1:1, 1:3, 1:6, 1:9 and 1:19, to a total amount of 1.0 ng.
Materials and Methods
Multiplex amplification. Primers were designed for the 130 microhaplotype loci reported by Kidd et al. 8 with the Primer Premier 5.0 software 30 . After repeated optimization of the primer sequences and the PCR conditions, 124 microhaplotypes were successfully multiplexed in a single reaction system ( Table 1 ). The PCRs were performed in a total volume of 20 μL containing 20 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.6 mM MgCl 2 , 0.8 mg/ ml bovine serum albumin, 0.2% (v/v) Tween 20, 3.2% (v/v) glycerol, 0.02% (w/v) NaN 3 , 200 mM each dNTP, 2 U of Taq DNA polymerase (Roche, Basel, Swiss), primer pairs (concentrations indicated in Table 1 ), and 1 ng of template DNA. The PCR conditions were 95 °C for 11 min, followed by 28 cycles of 30 s at 94 °C, 2 min at 60 °C, and 1 min at 72 °C, with a final elongation step at 60 °C for 60 min.
Library preparation and sequencing. The PCR products were purified with the QIAquick 96 PCR Purification Kit (Qiagen) and the TruSeq DNA PCR-Free HT Kit (Illumina, San Diego, CA, USA) and used for library preparation, according to the manufacturer's guidelines. The libraries were sequenced on a MiSeq FGx platform (Illumina) using the Miseq Reagent Kit v2 (Illumina), with a read length of 250 bases. Data analysis. FASTQ data were generated with the Miseq FGx Control Software 1.0.15.0 (Illumina). The MHTyper software 31 was employed for microhaplotype allele calling, with the sequencing depth threshold set at 30 reads. The Hg19 human genome was used as the reference sequence. The allele frequencies and forensic statistical parameters (match probability, MP; power of discrimination, PD; power of exclusion, PE; typical paternity index, TPI) were calculated with Modified-PowerStat spreadsheet 1.2 32 . Arlequin 3.5 33 was used to calculate the observed heterozygosity, expected heterozygosity, Hardy-Weinberg equilibrium, and linkage disequilibrium (LD). The effective number of alleles (A e ) was calculated with the formula described in a previous publication 3 .
CE-based STR genotyping.
The GlobalFiler ® Kit (Thermo Fisher Scientific) was used for CE-based STR genotyping, according to the manufacturer's recommendations. An aliquot of PCR product (1 µL) was added to 10 µL of deionized formamide (Thermo Fisher Scientific) containing the internal size standards. All samples were
